1. Introduction
===============

The acute respiratory distress syndrome (ARDS) is a common illness in critical care medicine, accounting for 10% of intensive care unit (ICU) patients, and the mortality rate is as high as 46%.^\[[@R1]\]^ Mechanical ventilation plays a key role in the treatment of patients with ARDS, however, it may cause ventilator-induced lung injury (VILI), as well as cause or accelerate pulmonary fibrosis.^\[[@R2]\]^ Studies have shown that the severity of pulmonary fibrosis is closely related to mortality, prognosis, and long-term quality of life in patients with ARDS.^\[[@R3]\]^ The study of how to effectively reduce the mortality rate, actively prevent the occurrence and development of pulmonary fibrosis, and improve the prognosis of patients with ARDS, has always been the focus of research in critical care. Therefore, the early identification of post-ARDS pulmonary fibrosis has important clinical implications for patients. With each breath delivered by the mechanical ventilator, a certain amount of energy is transferred to the respiratory system of the patient. This energy is called mechanical power (MP) and is mainly used to overcome the resistance of the airways and expand the thorax wall. A fraction of this energy acts directly on the lung skeleton, or extracellular matrix, as such deforming the epithelial and endothelial cells anchored to it.^\[[@R4]\]^ In recent years, it has been found that, during mechanical ventilation of ARDS patients, MP can be used more comprehensively to evaluate and prevent VILI than other mechanical parameters, such as the driving pressure, transpulmonary pressure, respiratory rate, and positive end-expiratory pressure (PEEP).^\[[@R5]\]^ Through MP, pressure injuries and volume injuries, as well as biological injuries caused by mechanical aggravation, can be considered as a whole, and it is very helpful for clinicians to perform lung-protective ventilation.^\[[@R6],[@R7]\]^ At present, there is still a lack of sensitive and highly specific biomarkers able to predict post-ARDS fibrosis. Transforming growth factor-β1 (TGF-β1) and connective tissue growth factor (CTGF) are cytokines involved in pulmonary fibrosis,^\[[@R8],[@R9]\]^ however, their early secretion in patients with ARDS is not completely clear. In this study, the mechanical power during mechanical ventilation was monitored and its correlation with TGF-β1 and CTGF was evaluated. Furthermore, the significance of MP, TGF-β1, and CTGF in the prediction and evaluation of pulmonary fibrosis in patients with ARDS was discussed.

2. Research objects and methods
===============================

2.1. Research objects
---------------------

The study was approved by the Hospital Ethics Committee of the First People\'s Hospital of Lianyungang. One hundred seven patients with moderate to severe ARDS, who required invasive mechanical ventilation in the ICU ward from January 2017 to February 2019 were screened. Twelve cases were excluded due to death shortly after admission or difficulty in completing the lung HRCT examination. A total of 95 cases (60 men and 35 women) were included in the study. Their basic information, which included sex, age, basic medical history, 24-h acute physiology and chronic health evaluation II (APACHE II) score, and sequential organ failure assessment (SOFA) score, was recorded. All enrolled patients met the diagnostic criteria of the ARDS Berlin definition proposed by the European Society of Critical Care Medicine and the American Thoracic Society in 2012.^\[[@R10]\]^ Patients with previous chronic obstructive pulmonary disease (COPD), chronic kidney disease, autoimmune diseases, tumors, and pulmonary fibrosis were excluded. All patients underwent HRCT examination of the lungs from day 3 to day 7 after admission, and were divided into an ARDS group and an ARDS pulmonary fibrosis (ARDS-PF) group, according to whether pulmonary interstitial fibrosis changes were included.

2.2. Research methods
---------------------

### 2.2.1. ARDS standard mechanical ventilation procedure and treatment strategy

Within 24 hours of admission in the ICU, all enrolled patients underwent tracheal intubation and mechanical ventilation, and then a standard procedure was followed to place the manometry cathete. In order to reduce the occurrence of patient-ventilator dyssynchrony, a Richmond Agitation-Sedation Scale score of --3 to --4 had to be reached. Mechanical ventilation was delivered in a volume-controlled mode with constant inspiratory flow and tidal volume targeted to 6 ± 1 mL/kg of predicted body weight. The pleural pressure was indirectly assessed by the esophageal pressure and PEEP was adjusted to obtain an end-expiratory transpulmonary pressure \>0 cmH2O, maintaining the alveoli open state at the end of expiration and limiting the end-inspiratory transpulmonary pressure to \<25 cmH2O. The inhaled oxygen concentration was adjusted to maintain the patient\'s SpO2 between 88% and 95% and PaO~2~ between 55 and 80 mmHg.^\[[@R11]\]^ If the above ventilation goals were not achieved, the patient would be given a pressure control method for lung recruitment maneuver. Prone position ventilation was performed in patients with severe ARDS who were still unable to fulfill the oxygenation goal after performing lung recruitment.^\[[@R12]\]^ Extracorporeal membrane oxygenation (ECMO) was applied only to a few patients for the last treatment of severe ARDS.

### 2.2.2. Mechanical power monitoring in ARDS patients

The ventilator can monitor the esophageal pressure (Pes) through the esophageal manometer and then calculate the transpulmonary pressure (Ptp) and the driving pressure (▵P). As it has been previously proposed, the MP was calculated using tidal volume (VT), peak pressure (Ppeak), respiratory rate (RR), and driving pressure (▵P) data: MP (J/min) = 0.098 × VT × RR × (Ppeak--1/2 × ▵P).^\[[@R4]\]^ The MP was recorded during the first 24 hours of mechanical ventilation and the mean results were calculated. In a recently published study, it was shown that there was a consistent increase in the risk of death with MP \>17.0 J/min.^\[[@R4]\]^ Therefore, all patients were divided into a high mechanical power group (HMP) and a low mechanical power group (LMP) according to whether the MP was higher than 17.0 J/min. Afterwards, the 28-day survival status of the patients was analyzed and recorded.

### 2.2.3. Pulmonary fibrosis biomarker measurements

Five milliliters of blood samples were collected within 24 hours after admission. After standing for 30 minutes, the serum was centrifuged and stored at --80 °C. The serum TGF-β1 and CTGF levels were determined by enzyme-linked immunosorbent assay (ELISA).

2.3. Ethics statement
---------------------

The study protocol was approved by the ethics committee of Lianyungang Clinical College of Nanjing Medical University. A written informed consent was obtained from the patients before the start of the study. Patient records/information was anonymized and deidentified prior to analysis.

2.4. Statistical processing
---------------------------

Data processing and mapping were performed using the SPSS 22.0 (SPSS Inc, Chicago, IL) statistical software and GraphPad Prism 6.0 (GraphPad Software, San Diego, California). The measurement data were expressed as mean ± standard deviation (x ± s). Differences between the 2 groups were compared using 2 independent sample *t* tests. The correlation between mechanical power and cytokines was analyzed by Spearman correlation analysis. The TGF-β1 and CTGF values in the diagnosis of ARDS pulmonary fibrosis were analyzed by receiver operating characteristic (ROC) curve analysis. The 28-day mortality of the patients was recorded and a single-factor analysis was performed to plot the survival curves of ARDS patients.

3. Results
==========

In total, 107 patients were enrolled in this study. Twelve patients were excluded: 2 patients refused to participate in the study, 3 patients died soon after admission, and 7 patients failed to complete the HRCT examination. From the remaining 95 patients, 50 comprised the ARDS group and 45 the ARDS-PF group according to whether pulmonary interstitial fibrosis changed (Fig. [1](#F1){ref-type="fig"}).

![Overview of the included patients.](medi-98-e16531-g001){#F1}

3.1. Baseline and mechanical ventilation characteristics of the included patients
---------------------------------------------------------------------------------

No significant differences (*P* \> .05) were found in the sex, age, body weight, body mass index (BMI), comorbidities, smoking history, oxygenation index, APACHE II, SOFA score, causes of ARDS, treatment strategies, and ventilation characteristics between the ARDS group and the ARDS-PF group. In addition, no significant differences were found in the ICU length of stay and the hospital length of stay between the 2 groups (Table [1](#T1){ref-type="table"}).

###### 

Comparison of the baseline and mechanical ventilation characteristics between the 2 groups.
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3.2. Mechanical power and TGF-β1 and CTGF serum levels in the 2 groups
----------------------------------------------------------------------

The mechanical power of the ARDS-PF group was significantly higher (*P* \< .001) than that of the ARDS group, and the expression levels of serum TGF-β1 and CTGF were also significantly higher (*P* \< .001) (Table [2](#T2){ref-type="table"}).

###### 

Comparison of mechanical power and serum TGF-β1 and CTGF expression levels in 2 groups.
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3.3. Correlation between mechanical power and serum TGF-β1, CTGF, sequential organ failure assessment, and acute physiology and chronic health evaluation II
------------------------------------------------------------------------------------------------------------------------------------------------------------

A correlation analysis between the mechanical power and serum TGF-β1, CTGF, and SOFA and APACHE II scores in all ARDS patients was performed and the results are shown in Table [3](#T3){ref-type="table"}. According to the results, there was a significant positive correlation between mechanical power and serum TGF-β1 and CTGF, with a correlation coefficient of 0.424 and 0.581, respectively (*P* \< .01). On the other hand, there was no clear correlation between mechanical power and APFCHE II and SOFA score (*P* \> .05).

###### 

Correlation between mechanical power and serum TGF-β1, CTGF, APACHE II and SOFA score.
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3.4. Predictive diagnostic value of TGF-β1 and CTGF to post-ARDS pulmonary fibrosis
-----------------------------------------------------------------------------------

Based on the ROC curves of TGF-β1 and CTGF (Fig. [2](#F2){ref-type="fig"}) for the diagnosis of ARDS pulmonary fibrosis, the area under the curve of TGF-β1 and CTGF was calculated and found to be 0.838 ± 0.039 and 0.884 ± 0.037, respectively, indicating a high diagnostic predictive value to post-ARDS pulmonary fibrosis (*P* \< .05).

![ROC curve of serum TGF-β1 and CTGF in predicting the diagnosis of post-ARDS. ARDS = acute respiratory distress syndrome, CTGF = connective tissue growth factor, ROC = receiver operating characteristic ,TGF-β1 = transforming growth factor-β1.](medi-98-e16531-g005){#F2}

3.5. Relationship between mechanical power and prognosis in ARDS patients
-------------------------------------------------------------------------

The survival curve of patients with ARDS indicated that there was a statistically significant difference in the 28-day mortality between the HMP group and the LMP group (*P* \< .05) (Fig. [3](#F3){ref-type="fig"}).

![Mechanical power and patient 28-day survival curve.](medi-98-e16531-g006){#F3}

4. Discussion
=============

This study showed that the mechanical power and the expression levels of serum TGF-β1 and CTGF in the ARDS-PF group were significantly higher than those in the non-fibrotic ARDS group (*P* \< .01), while there was a significant positive correlation between MP and serum TGF-β1 and CTGF, with correlation coefficients of 0.424 and 0.581, respectively (*P* \< .01). However, no significant differences in the oxygenation index, APACHE II and SOFA scores were found between the 2 groups (*P* \> .05). This indicated that higher mechanical power is more likely to cause ventilator-associated lung injury in patients with ARDS, further induce aggravation of biological injury,^\[[@R13]\]^ lead to increased secretion of TGF-β1 and CTGF, and accelerate the progression of lung tissue fibrosis in patients with ARDS. In the present study, a significant difference was also found in the 28-day mortality in patients between the LMP group and the HMP group, which indicated that the level of mechanical power is related to the prognosis of patients and may be related to the severity of ARDS. This can be attributed to the fact that in order to open the collapsed alveoli and maintain them open in early ARDS, the ventilator requires greater transpulmonary pressure and PEEP. Therefore, poorly compliant lungs necessarily require greater mechanical power in the early stages of mechanical ventilation.^\[[@R14]\]^ Consequently, the mechanical power can be related to the severity of the patient\'s lung disease. This study initially explored the hypothesis that the mechanical power is expected to provide clinical help in assessing the severity of ARDS, similar to the oxygenation index. At the same time, constant high mechanical power may be more predictive of adverse outcome in assessing the prognosis of ARDS.

Tissue damage and fibroplasia are important pathological processes in the progression of ARDS. More and more studies have shown that there are pulmonary fibrosis changes in patients with early stage ARDS. More specifically, a study by Ichikado et al^\[[@R15]\]^ reported that in 47% of patients, the presence of pulmonary fibrosis was confirmed by CT on the first day of the first ARDS diagnosis. In this study, the serum fibrosis biomarkers TGF-β1 and CTGF exhibited significant differences in early-stage ARDS patients, indicating that collagen fibrosis is simultaneously activated at the early stage of ARDS. Studies have shown that cytokines play an important role in the development of pulmonary fibrosis. TGF-β1 regulates the expression of effector genes, such as cellular collagen, through intracellular transduction signals, and is considered to be the most critical fibrotic cytokine .^\[[@R8],[@R16],[@R17]\]^ TGF-β1 is involved in the pathogenesis of growth and tissue repair, it regulates a variety of cellular functions, including inhibiting or stimulating cell growth, cell differentiation, cell death, or apoptosis. It is also an inducer of extracellular matrix and the predominant regulator of collagen in a variety of tissues.^\[[@R18]\]^ In various experimental models and clinical fibrotic diseases, TGF-β1 is continuously up-regulated, accelerating the progression of fibrosis, and thus it is considered to be a key regulator of tissue fibrosis.^\[[@R19]\]^ CTGF is a cysteine-rich secreted growth factor with a relative molecular weight of 38 kDa. It is an efficient downstream response element of TGF-β1, it mediates the partial biological effects of TGF-β1, which stimulate fibroblast proliferation and extracellular matrix synthesis, and it promotes the development of tissue and organ fibrosis.^\[[@R20]\]^ Moreover, CTGF has a mitogenic effect and promotes proliferation of cells, such as vascular smooth muscle cells, it stimulates the synthesis of extracellular matrix, inhibits its degradation, leads to accumulation of extracellular matrix and structural alteration,^\[[@R17]\]^ thereby accelerating tissue fibrosis, and in the development of ARDS, it is closely related to pulmonary fibrosis.^\[[@R9]\]^ The ROC curves of serum TGF-β1 and CTGF presented in this study, indicated that serum TGF-β1 and CTGF have clinical diagnostic significance for lung fiber remodeling in patients with ARDS. It was also demonstrated that cytokines TGF-β1 and CTGF exert active biological effects during the remodeling of ARDS lung tissue structure.

5. Limitations
==============

This study was associated with some limitations. First, the patients were divided into an ARDS group and an ARDS-PF group according to the HRCT results from day 3 to day 7. The course of pulmonary fibrosis among some ARDS patients may appear much later than the 3rd to the 7th day. Additional studies are needed to investigate post-ARDS pulmonary fibrosis. Second, only the SOFA and APACHEII scores were evaluated within 24 hours of the ARDS patient and the severity of the patient\'s condition was not dynamically assessed. Third, only one time point for the TGF-β1 and CTGF concentration determination was obtained, while in future studies, more time points need to be evaluated.

6. Conclusions
==============

In summary, VILI and pulmonary fibrosis during ARDS mechanical ventilation are gradually attracting the attention of clinicians. Mechanical power can more comprehensively assess and prevent VILI and pulmonary fibrosis changes during mechanical ventilation of ARDS patients, and can be the new standard to guide ARDS lung-protective ventilation. At the same time, the serum biomarkers TGF-β1 and CTGF have a clear correlation with the development of pulmonary fibrosis in ARDS patients. Therefore, they are of great significance in predicting and evaluating ARDS pulmonary fibrosis and have great clinical promotion value.
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